In this talk some essential features of stringy black holes are described. We consider charged four-dimensional axion-dilaton black holes. The Hawking temperature and the entropy of all solutions are shown to be simple functions of the squares of supercharges, defining the positivity bounds. Spherically symmetric and multi black hole solutions are presented. The extreme solutions have some unbroken supersymmetries. Axion-dilaton black holes with zero entropy and zero area of the horizon form a family of stable particle-like objects, which we call holons. We discuss the possibility of splitting of nearly extreme black holes into holons.
This talk is based on various results obtained in collaboration with A. Linde, T. Ortín, A. Peet, and A. Van Proeyen [1] - [6] We have found general form of charged U(1) and U(1) × U(1) four-dimensional static axion-dilaton black hole solutions. In particular our solutions include dilaton black holes [7] and dual dyon black holes [8] . The independent parameters characterizing our solutions are the black hole mass, electric and magnetic charges and the values of dilaton and axion fields at infinity. The dilaton and axion charges of our solutions are functions of these independent parameters.
Our black hole solutions have an important property which is the consequence of SL(2, R) symmetry equations of motion following from the lowenergy string effective action. Under SL(2, R) electric-magnetic duality rotations only the "hair" (charges and asymptotic values of the fields) of our solutions is transformed. The functional form of the solutions is duality-invariant. Dirac quantization of electric and magnetic charges breaks this symmetry down to SL(2, Z) [5] .
Extreme solutions have some unbroken supersymmetry, when embedded in the theory with local N = 4 supersymmetry. Some solutions have unbroken N = 1 and some have unbroken N = 2 supersymmetry. Solutions with unbroken N = 1 supersymmetry saturate one supersymmetric Bogomolny bound and those with unbroken N = 2 supersymmetry saturate both bounds. The thermodynamical properties of stringy black holes are described by Hawking temperature and entropy of the black holes. The temperature and the entropy of a whole family of axion-dilaton black holes have a remarkably simple expression in terms of SUSY bounds [6] :
where two SUSY bounds for charged axion-dilaton black holes are given by
In eq. (2) M is the mass of the black hole and z 1 , z 2 are two complex combination of electric and magnetic charges. In the global SUSY algebra associated with asymptotically flat space of our black holes these combinations of charges play the role of central charges. The parameter r 0 , which vanishes when the black hole becomes extremal, is given by the product of supersymmetry bounds:
Consider few examples of eqs. (1) . Schwarzschild solution corresponds to z 1 = z 2 = 0. Thus we get from (1)
The Reissner-Nordström solution is given by z 1 = 0, z 2 = q. Substitution of these values of central charges into eqs. (1) gives
Extreme Reissner-Nordström black holes with M = q have zero temperature and non-zero entropy, N = 1 supersymmetry being unbroken [9] . The charged U(1) axion-dilaton black holes [7] - [8] have |z 1 | = |z 2 | = |q/ √ 2| and therefore only one SUSY bound B 1 = B 2 . The corresponding expressions for the temperature and the entropy are
In the extreme limit M = |q/ √ 2| the temperature remains equal to the temperature of the Schwarzschild black hole and the entropy vanishes.
Finally consider an U(1)×U (1) four-dimensional axion-dilaton black holes, with one vector and one axial vector field. The moduli of central charges in terms of electromagnetic charges are given by
where
Q 1 , P 1 and Q 2 , P 2 are electric and magnetic charges of a vector and axial-vector fields, respectively. The entropy and temperature of these solutions are
The entropy, which equals one quarter of the area of the horizon, is
Now we are in a position to discuss the extreme limit of the generic U(1) × U(1) four-dimensional axion-dilaton black holes, as well as the extreme limit to U(1) black hole.
Extreme charged U(1) × U(1) axion-dilaton black holes have a restored N = 1 supersymmetry. The temperature and entropy of those solution should be calculated in the limit
In both cases the extreme solution has zero temperature and non-zero entropy,
There are different ways to reach the restoration of N = 2 supersymmetry. One possibility is to consider the next step after that in eq. (11) to take
or, if we started with eq. (12), to proceed with
In this particular limit
However, one may first take the limit to U(1) black hole by choosing z 1 → z 2 , which means
and then reach extreme by requiring
In this limit the temperature of an extreme U(1) axion-dilaton black hole reaches the value of the Schwarzschild one, and the entropy vanishes, in agreement with [7] , [8] .
There are many other ways to consider the limit where both SUSY bounds are saturated and B 1 = B 2 = 0. The temperature is ill defined in this limit and could take any value between zero and 1 8πM
. The entropy, however, in all cases approaches zero.
The analogous situation was discussed at length in ref. [1] and illustrated in figures, where we plotted both temperature and entropy either as the functions of central charges at fixed mass or as the function of mass at a given central charges. All figures presented there for dilaton solution apply to the more general axion-dilaton solutions under the condition that now instead of the central charges the moduli of complex central charges has to be used since only in absence of axion are the central charges real.
After this discussion of most interesting thermodynamical properties of axion-dilaton black holes and their relation to supersymmetry we are going to a more technical part of the talk and present our solutions.
Our conventions and our action are those of refs. [1] and [5] . We will use the complex scalar λ = iz = a + ie −2φ , where a is the axion field and φ is the dilaton field. We also have two U(1) vector fields A (n) µ , n = 1, 2. We find it convenient to define the SL(2, R)-duals 3 to the fields F
in terms of which the action reads
In terms of the component fields, we have
The advantage of usingF (n) is that the equations of motion imply the local existence of N real vector potentialsÃ (n) such that
The analogous equation
is not a consequence of equations of motion but a consequence of the Bianchi identity. If the time-like components A (n) t play the role of electrostatic potentials, then theÃ (n) t will play the role of magnetostatic potentials. The SL(2, R) duality transformations consist in the mixing of A (n) withÃ (n) and of equations of motion with Bianchi identities, as in the Einstein-Maxwell case.
Here we present two different kinds of static solutions to the equations of motion of the action (20), (21): spherical black-hole solutions and multi-blackhole solutions, both with nontrivial axion, dilaton and U(1) fields. All the previously known solutions of these kinds (Schwarzschild, (multi-) ReissnerNordström, the purely electric and magnetic dilaton black holes of refs. [7] , the electric-magnetic black holes of refs. [1] and [3] , and the axion-dilaton black holes of refs. [8] and [3] ) are particular cases of them.
The static spherically symmetric black-hole solutions are [5] 
The spacetime duals are
We define the parameters of our solutions in terms of the asymptotic behavior (r → ∞) of the different complex fields
The real axion (∆), dilaton (Σ), electric (Q) and magnetic (P ) charges, and the asymptotic values of the axion (a 0 ) and dilaton (φ 0 ) are
In every black hole in our solutions the charge of the complex scalar Υ is related to the electromagnetic charges by
The singularity is hidden under a horizon if r 2 0 > 0, and it is hidden or coincides with it (but still is invisible for external observers) if r 0 = 0. The conditions r 2 0 ≥ 0 and M ≥ |Υ| can be related to supersymmetry bounds [1] , [3] , [6] . All solutions given above have the entropy
When all supersymmetric bounds are saturated, i.e. r + = M = |Υ|, the objects described by this solution have zero area of the horizon and vanishing entropy. In this sence, such black holes (holons) behave as elementary particles. Our second kind of solutions describe axion-dilaton extreme multi-blackhole solutions [5] . The fields are
relevant example is splitting of one Robinson-Bertotti universe into many RB universes, as discussed by Brill [10] . For a recent discussion of splitting of dilaton black holes with massive dilaton fields see [11] . A specific example of the splitting of the extreme electric-magnetic black hole into a purely magnetic and a purely electric one was considered in [4] . Such bifurcation is forbidden classically but could in principle occur in a quantum-mechanical process and may be enforced by quantum-mechanical instability of the zero temperature state with non-integer value of e −S . As the result, the black holes with S = 0 may split into holons with S = 0 and zero area of the horizon. Will the black holes continue splitting to the smallest values of charges? These and many other questions can be asked in connection with stringy black holes and their supersymmetric properties.
